Clinical cellular therapeutics (CCTs) have shown preliminary efficacy in reducing inflammation after trauma, preserving cardiac function after myocardial infarction, and improving functional recovery after stroke. However, most clinically available cell lines express tissue factor (TF) which stimulates coagulation. We sought to define the degree of procoagulant activity of CCTs as related to TF expression. CCT samples from bone marrow, adipose, amniotic fluid, umbilical cord, multi-potent adult progenitor cell donors, and bone marrow mononuclear cells were tested. TF expression and phenotype were quantified using flow cytometry. Procoagulant activity of the CCTs was measured in vitro with thromboelastography and calibrated thrombogram. Fluorescence-activated cell sorting (FACS) separated samples into high-and low-TF expressing populations to isolate the contribution of TF to coagulation. A TF neutralizing antibody was incubated with samples to demonstrate loss of procoagulant function. All CCTs tested expressed procoagulant activity that correlated with expression of tissue factor. Time to clot and thrombin formation decreased with increasing TF expression. High-TF expressing cells decreased clotting time more than low-TF expressing cells when isolated from a single donor using FACS. A TF neutralizing antibody restored clotting time to control values in some, but not all, CCT samples. CCTs demonstrate wide variability in procoagulant activity related to TF expression. Time to clot and thrombin formation decreases as TF load increases and this procoagulant effect is neutralized by a TF blocking antibody. Clinical trials using CCTs are in progress and TF expression may emerge as a safety release criterion. STEM CELLS TRANSLATIONAL MEDICINE 2018;7:731-739 
INTRODUCTION
There are at least 780 active clinical trials involving clinical cellular therapeutics (CCTs) in the U.S. according to a conservative estimate using common search terms on clinicaltrials. gov. CCTs often express varying amounts of tissue factor (TF), a potent activator of the coagulation cascade. TF is typically expressed by perivascular cells to form a hemostatic envelope around blood vessels [1] . The vascular endothelium separates TF from its circulating clotting factor FVII/VIIa. Extravascular TF is exposed to intravascular FVII/VIIa after disruption of the endothelial barrier, for example after traumatic injury. Intravenous infusion of CCTs is a common route of treatment delivery as their effects are thought to be mediated via interactions with the lung and spleen [2] [3] [4] [5] [6] ; however, their effect on coagulation in vivo is not fully understood.
In vitro studies of the CCT procoagulant effect in humans has only recently been described. Moll et al. [7, 8] identified TF to be responsible for the procoagulant effect of mesenchymal stromal cells (MSCs). Coagulation was absent after MSCs were exposed to FVII and FX deficient plasma, but did occur with FXII deficient plasma. Christy et al. [9] demonstrated the procoagulant effect of human adipose and bone marrow MSCs using the functional coagulation tests thromboelastography (TEG) and calibrated thrombogram (CAT). MSC-associated TF accelerated thrombin formation and hastened the clotting process. The percent of MSCs expressing TF correlated with this procoagulant activity. In addition, TF expression on MSCs was dependent on their tissue source and increased as time in culture progressed.
Acute side effects of systemic cellular therapy in humans are rare; however, their effect on the coagulation and complement cascade can be measured. Moll et al. [8] reported significantly elevated levels of thrombin and the complement activation marker C3a after infusion of bone marrow MSCs in a cohort of 44 patients treated for graft versus host disease related to hematopoietic stem cell transplantation. In a similar but smaller (N = 8) follow-up study, Moll et al. [7] reported significantly elevated D-dimer levels 3 hours after infusion of decidual stromal cells.
Animal studies demonstrate that the procoagulant effect of MSCs as well. Gleeson et al. [10] demonstrated in a porcine myocardial infarction model microvascular obstruction and intramyocardial hemorrhage after intracoronary delivery of bone marrow derived MSCs. This adverse event was not present when MSCs were delivered with heparin. Compared with heparin alone, MSCs delivered with heparin demonstrated improved infarct size and left ventricular remodeling after 6 weeks. Gleeson et al. demonstrate the beneficial therapeutic effects of MSCs after myocardial infarction while also highlighting the need to control procoagulant effects from MSC associated TF.
The purpose of this study was to broadly survey the procoagulant activity of CCTs derived from various source tissues. We hypothesize that procoagulant activity from CCTs correlates with their TF expression. We present evidence demonstrating that TF expression by CCTs predicts procoagulant activity using clinical and experimental clotting assays.
METHODS

Clinical Cellular Therapeutic Sources and Preparation
CCTs were sourced from six different human tissues including amniotic fluid derived MSCs, adipose derived MSCs, bone marrow derived MSCs, umbilical cord derived MSCs, multi-potent adult progenitor cells, and bone marrow mononuclear cells. All tissues were acquired either from commercial sources or under IRB-approved protocols.
Processing of the amniotic fluid derived MSCs (AF MSCs) was carried out in an ISO Class 7 human cell production facility in compliance with current Good Manufacturing Practice (cGMP) guidelines of the FDA. Amniotic fluid samples were collected through the approved IRB protocol HSC-MS-11-0593. All reagents used were GMP-grade and risk analysis of the manufacturing process was performed as previously described [11] . In brief, amniotic fluid was centrifuged at 400g for 15 minutes and the pellet was resuspended in sterile-filtered complete TheraPEAK XenoFree chemically defined mesenchymal stromal cell growth medium (Lonza, Walkersville, MD) supplemented with 20% allogeneic pooled human AB serum (Valley Biomedical, Winchester, PA) and 5 ng/ml basic fibroblast growth factor (CellGenix, Freiburg, Germany). Cells were plated on Corning (Corning, NY) CellBIND surface and incubated at 37 C in a 5% CO 2 and 95% RH environment. Nonadherent cells were removed after 48 hours and growth medium was changed every 3-5 days. Upon reaching 70% confluence, cells were rinsed with calcium-and magnesiumfree PBS, detached with TrypLE Express XenoFree reagent (Thermo Fisher Scientific, Waltham, MA) and progressively passed and transferred to the scale-appropriate cell-culture platform for expansion. Cells were frozen in CryoStor CS10 (Biolife Solutions, Bothell, WA) animal protein-free, defined cryopreservation medium and stored in a liquid nitrogen vapor freezer.
Primary adipose biopsy samples were kindly provided by Dr Saverio LaFrancesca and designated for research use only. Adipose MSCs (ADP MSCs) were isolated by washing the tissue three times in cold alpha-MEM (Sigma Aldrich, St. Louis, MO) containing 50 μg/ml gentamicin and mincing tissue into 5 mm pieces. Tissue was digested in buffer containing alpha-MEM, 300 IU/ml of Collagenase Type II (Worthington Biochemicals, Lake wood, NJ), 50 μg/ml gentamicin, and 1% bovine serum albumin 7.5% (Fraction, Gibco, Grand Island, NY) for 55 minutes at 37 C/5% CO 2 . For every 3 g of tissue, 10 ml of digestion buffer was used. After incubation, the tubes were centrifuged at 400g for 15 minutes at room temperature. The cell pellet was plated at a density of 9 g tissue/225 cm 2 Flasks (Thermo, Pittsburgh, PA). Cells were expanded in 5% platelet lysate (Gulf Coast Blood Bank, Houston, TX) in alpha-MEM, 1,000 U/ml heparin and 10 μg/ml gentamicin. Passage 0 was maintained at 37 C/5% CO 2 , fed every 3rd day until confluency reached 70%. Upon reaching desired confluency, the medium was discarded; the cultures were washed with PBS and the adherent cells harvested with 0.25% trypsin/1 mM EDTA for 5 minutes at 37 C and frozen at 10 6 cells per ml in a cryosolution containing 10% DMSO (Cryostor CS10, Stem Cell Technologies, Vancouver, BC, Canada) for subsequent experiments.
Bone marrow derived MSCs (BM MSCs) were isolated from commercially available fresh human bone marrow aspirates (AllCells, Emeryville, CA) or obtained from fresh bone marrow through the approved IRB protocol HSC-MS-08-0393 and expanded following established procedures [11] . Briefly, BM MSCs were cultured in complete culture medium that consisted of alpha-minimal essential medium (Life Technologies, Grand Island, NY), 17% fetal bovine serum (FBS; lot-selected for rapid growth of MSC; Atlanta Biologicals, Norcross, GA), 100 units/ml penicillin (Thermo Fisher Scientific, Waltham, MA), 100 mg/ml streptomycin (Life Technologies), and 2 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA). BM MSC were incubated with medium replaced every 2 days until 70% confluent. Medium was then discarded and cultures were washed with phosphate-buffered saline (PBS) and adherent cells were harvested with 0.25% trypsin/1 mM EDTA (Thermo Fisher Scientific) for 5 minutes at 37 C and frozen at 10 6 cells per milliliter for subsequent experiments. Umbilical cord derived MSCs (UMB MSCs) were obtained through the approved IRB protocol HSC-MS-11-0601. UMB MSC isolation was performed using the explant migration method. Briefly, 3-5 mm long cords were placed on a 100 mm cell culture dished 5 mm apart in 5% platelet lysate expansion medium. MSCs were allowed to migrate out of the explant into the culture dish for 7 days. Explant was then removed and cells were expanded until confluency reached 70%. Upon reaching desired confluency, the cells were harvested and frozen.
Bone marrow mononuclear cells (BM MNCs) were isolated from fresh whole bone marrow from a commercial source (AllCells, Emeryville, CA) according to common protocols using © 2018 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by Wiley Periodicals, Inc. on behalf of AlphaMed Press STEM CELLS TRANSLATIONAL MEDICINE density centrifugation. Briefly, bone marrow from healthy donors was diluted 1:2 with PBS and layered on top of FicollPaque (GE Healthcare, Chicago, IL) and centrifuged at 400g for 30 minutes at room temperature. The mononuclear cell layer was carefully collected and rinsed twice with PBS and BM MNCs were suspended in RPMI media supplemented with 10% heat inactivated FBS (AtlantaBio, Atlanta, GA). Aliquots of 1 × 10 7 cells/ml were cryopreserved by the addition of 10% DMSO, followed by freezing and storage in the vapor phase of a liquid nitrogen freezer for future use.
Multipotent adult progenitor cells (MAPC) are a distinctive adult, adherent cell type isolated from bone marrow and other tissues and unique from bone marrow mononuclear cells and MSC based on size [12] , transcriptome [13] , secretome [14] , miRNA profile [15, 16] , and differentiation capability [13] . MAPC samples were obtained from Athersys, Inc. through a material transfer agreement. A proprietary modification of the Verfaillie method similar to that described by Jiang et al. [17] was used to expand and culture MAPCs prior to transfer.
Cell viability of at least 70% was insured using Trypan blue staining for all samples. For experiments described below, cells were counted using a hemocytometer and resuspended in PBS to a working concentration of 10 6 cells/ml immediately before use.
Flow Cytometry
Cells were evaluated for the percent cells expressing mesenchymal markers CD29, CD44, CD73, CD90, CD105, CD31, CD34, CD45, and HLA-DR using multi-parametric flow cytometry panels (BD Biosciences, San Diego, CA). Mouse anti-human CD142 (BD Biosciences) was included in the panel to determine the level of tissue factor expression on the cell surface. Cells were washed and suspended in staining buffer (Biolegend, San Diego, CA) at a concentration of 0.5 × 10 6 cells per 100 μl. Antibodies were added followed by 20-minute incubation at room temperature. 7AAD was added to exclude dead cells and diluted to a total volume of 1 ml. Flow analysis was performed on a Gallios (Beckman Coulter, Brea, CA) and analyzed using Kaluza vr. 1.5a analysis software (Beckman Coulter). Results presented are percent of expression relative to controls of unstained cells, isotype controls, and fluorescence minus one (FMO) controls (Table 1) .
Calculation of Tissue Factor Load
To estimate a load of TF present in CCT samples, the product of the mean fluorescent intensity (MFI) and percent cells expressing the anti-human CD142 antibody, or TF, from flow cytometry was calculated as relative units. MFI reflects the density of antibody detected on a single cell. The MFI is calculated from the arithmetic mean for all cells expressing TF. Expressing CCT TF in this manner reflects both the percentage of cells expressing TF in a sample and their average density of expressed TF on the cell surface.
Thromboelastography
TEG is a viscoelastic assay that measures coagulation kinetics of whole blood or platelet rich plasma. Primary metrics include R time which reflects time to initial fibrin formation, maximal amplitude (MA) which reflects the contribution of fibrin and platelets to ultimate clot strength, alpha angle which reflects the rate of fibrin formation, and lysis (LY30) which reflects the degree of fibrinolysis 30 minutes after the MA is reached.
TEG was performed using the Haemoscope TEG 5000 Coagulation Analyzer (Haemoscope Corp., Niles, IL). Whole blood was collected through approved IRB protocol HSC-MS-10-0190 from a healthy volunteer through venipuncture in the antecubital fossa and stored in 3.2% citrate at room temperature. Final assay volume in the TEG cup was 360 μl which included 20 μl of 0.2 molar CaCl 2 , 36 μl of CCTs suspended in PBS at concentration 10 6 cells per milliliter, and 304 μl of citrated whole blood. CaCl 2 was added to the TEG cup first followed by the CCTs and blood was added last. The sample was mixed twice using a pipette before starting the assay. 
Calibrated Thrombogram
CAT is a micro-well assay performed in 96-well plates that measures thrombin generation in platelet poor plasma (PPP). Primary metrics include lag time which reflects time to initial thrombin production, peak height which reflects the maximum amount of thrombin produced, time to peak which reflects the time to peak height, and endogenous thrombin potential which reflects the total amount of thrombin produced. To prepare PPP, whole blood was collected through approved IRB protocol HSC-MS-09-0314 from eight healthy volunteers into 4.5 ml vacutainers containing 3.2% sodium citrate. Samples were centrifuged for 10 minutes at 200g and platelet rich plasma supernatant was centrifuged again for 10 minutes at 2,000g to obtain PPP. Samples from each donor were pooled and aliquoted. CAT was performed using a 
Fluorescence-Activated Cell Sorting
AF and BM MSC samples were thawed and resuspended in PBS as above. Staining for CD142 (TF) was performed in an identical manner as preparation for flow cytometry and 7AAD was added to measure cell viability. Cells were sorted into different vials based on TF expression using a BD FACS Aria II (BD Biosciences, San Jose, CA). Sorting was gated for the top and bottom 8% of TF expressing cells; creating populations of the lowest and highest TF expressing cells from the same sample. Sorted cells were resuspended and delivered at the standard experimental concentration of 10 5 cells per milliliter for functional coagulation testing.
Inhibition of Clinical Cellular Therapeutic Associated Tissue Factor
TF and factor VIIa together form a proteolytically active complex on cell surfaces that activates factors IX and X. The monoclonal antibody (MAb) TF8-5G9 binds to the TF/VIIa complex and prevents its catalytic function [18] . Increasing concentrations of this MAb were added to AF, ADP, BM MSCs, and BM MNCs and incubated at room temperature for 20 minutes then added as described above to TEG. The MAb was not washed away before the addition of the cell suspensions to TEG.
Data Analysis
TF load and percentage change in TEG R time are presented as box-and-whisker plots demonstrating the median, the 25th and 75th percentile and outliers for each cell type. Statistical differences between TF load of CCTs were determined using analysis of variance (ANOVA) with Tukey post hoc analysis. Differences in clotting times after FACS and treatment with the neutralizing MAb were determined using a Student's t test. Correlation between TF load and functional coagulation tests was determined with Pearson product moment correlations. Statistical significance was set to p < .05. Analysis was performed using Stata 14.2 (StataCorp LLC, College Station, TX) and graphically presented using Origin 8 (OriginLab Corp., Northampton, MA).
RESULTS
Clinical Cellular Therapeutic Tissue Factor Load Varies with Tissue Source
TF load was calculated for 33 CCT donors from six different tissue sources. TF load is the product of cells expressing CD142 (TF) and the MFI from flow cytometry as an approximation for the total amount of TF present in a reaction (Fig. 1) . Representative histogram plots of flow cytometry for each tissue source are included as a Supporting Information Figure S1 . In general, TF load for the 11 AF MSC samples was highly variable with a mean and standard deviation of 565 AE 526 relative units (RU), despite the MSCs displaying similar expression profiles of common surface markers (Table 1) (Fig. 2B) .
Consistent with our observations in TEG, CAT lag time, a measure of when thrombin formation is first detected, decreased as TF load increased (Fig. 3) . When the results of the TEG and CAT assays are directly compared, R time in TEG and lag time in CAT directly correlate linearly (Fig. 4) across all the CCTs, cross-validating the results of the different assays.
Clinical Cellular Therapeutic TF Expression is an Independent Determinant of the Procoagulant Effect
CCTs sorted based on their TF expression using FACS have different effects on coagulation parameters in TEG. In a sample of BM MSCs, the lower 8% of cells expressing TF decreased R time to 81% of control while the upper 8% of cells expressing TF decreased R time to 72% of control. In a sample of AF MSCs, the corresponding R time decrease was 64% of control 
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for low TF expressing cells and 51% of control for high TF expressing cells (Fig. 5) . Changes in R time after FACS between specific cell treatments were all significantly different from each other. Of note, the antibody used to sort the cells using FACS partially inhibits the procoagulant effect of the MSC TF. Without antibody stain the unsorted BM MSC sample demonstrated an R time that was 56% of control and the unsorted AF MSC sample was 24% of control. These results demonstrate the direct correlation of TF with coagulation.
The Procoagulant Effect of Clinical Cellular Therapeutic Associated TF Is Reversible
A subset of the cell samples were chosen for further investigation based on availability and to assay a wide range of TF expression. ADP MSCs and AF MSCs were chosen because they demonstrate high TF load while BM MSC and BM MNC were chosen because they demonstrate lower TF load. Samples were incubated with a TF neutralizing monoclonal antibody (MAb) to confirm that CCT-associated TF activity was directly contributing to the procoagulant effect. Increasing concentrations of the neutralizing MAb inhibited the procoagulant effect of all four MSC tissue types in a dose-dependent manner. The effect of the neutralizing MAb reaches a steady state for all specimens at 200 μg/ml (Fig. 6A) . At this concentration of MAb, TEG R time returned to control values in assays run with ADP MSCs and BM MNCs. In contrast, assays run with AF or BM MSCs at this concentration of MAb in TEG demonstrated an R time restored to only 45% and 65% of controls, respectively (Fig. 6B) .
Diluting Clinical Cellular Therapeutic Concentration Decreases the Procoagulant Effect
All previously described assays utilized a standardized CCT assay concentration of 10 5 cells per milliliter. To investigate the , and 10 3 cells per milliliter (Fig. 7) . These specific cell types were chosen to demonstrate a broad range of TF expression. The TF load for the ADP MSC sample was 1,218, for the AF MSC was 240, and for the BM MSC 150. As CCT preparations were diluted, the procoagulant effect decreased in a logarithmic, dose-dependent fashion. For each order of magnitude dilution, relative R time in TEG increased on average by 20% regardless of tissue type.
DISCUSSION
Our data demonstrate a causal relationship of CCT associated TF with clot formation and acceleration of thrombin production in human blood. CCTs are functionally procoagulant depending upon the density of TF on their surface and the percentage of cells expressing TF in a given cell preparation. In TEG, R time was decreased compared with controls as TF dose increased, regardless of CCT tissue type. In CAT, time to thrombin formation relative to controls was similarly decreased as TF dose increased. These methods and findings are similar to previous study by Christy et al. [9] and we expand upon their findings by broadly surveying different tissue sources of CCTs. In addition, we demonstrate that high TF expressing cells will speed time to clot formation more than low TF cells when sort from single CCT donors. CCT TF expression was also demonstrated to be directly involved in coagulation, as a TF blocking antibody significantly reduced their procoagulant effects. In some cases, blocking TF alone was sufficient to completely reverse the effects of the cells, while other CCTs demonstrated signs of additional mechanisms contributing to coagulation. Finally, diluting concentration of CCT treatments decreased the procoagulant effect in a dosedependent fashion regardless of tissue type.
The procoagulant effect from MSCs must be considered when treating patients and designing clinical trials. MSC associated TF has the potential to create a hypercoaguable state and lead to adverse events like venous-thromboembolism during or after systemic therapy. Certain tissue sources of CCTs express more TF than others in our study-AF and ADP MSC specifically express much higher loads of TF compared with other tissue sources, such as BM MSC, UMB MSC, MAPC, or BM MNCs. Heparin has been shown as an effective method of preventing the CCT procoagulant effect in in vitro human studies [7] and in vivo animal studies [10, 19, 20] . In an in vivo human study, Baygan et al.
[21] demonstrated a successful anticoagulation protocol using heparin for the delivery of decidual stromal cells for hemorrhagic cystitis and graft versus host disease after allogenic hematopoietic stem cell transplantation. We demonstrate that simple dilution of CCT treatments will decrease the procoagulant effect regardless of tissue type. Time to thrombin generation and time to thrombin peak in CAT is a predictor of venous thromboembolism after trauma. Park et al. identified CAT lag time and time to thrombin peak as risk factors for development of venous thromboembolism in patients after acute trauma, HR 1.66 (1.06, 2.60) p < .028 and HR 2.02 (1.45, 2.80) p < .001, respectively. They conclude that CAT is potentially a useful clinical tool in predicting the occurrence of VTE after injury [26] . CAT is advantageous because it is not confounded by cellular components of blood and is specific for thrombin production. This is in contrast to TEG, which is typically an assay performed with whole blood reflecting parallel coagulation processes like fibrin formation, platelet contraction and fibrinolysis [27] . However, CAT is not a standard clinical testing platform compared with an assay like TEG. In our study, we demonstrate that CAT lag time correlates linearly with TEG R time when varying TF dose. CAT lag time marks the moment thrombin production begins and TEG R time marks the moment fibrin formation begins. Thus, TEG R time is a potential surrogate for measuring kinetics of thrombin production for the purposes of VTE prediction.
Certain MSC tissue sources like AF and BM express procoagulant activity that is not reversed with a TF neutralizing antibody. The cause of this residual procoagulant activity is unknown but may be related to activation of the complement system, inhibition of fibrinolysis, negatively charged extra-cellular membrane components like collagen, or incomplete neutralization of TF by the TF neutralizing antibody. MSC exposure to whole blood leads to activation of the complement system and generation of the chemotactic anaphylatoxins C3a and C5a [28, 29] . Proinflammatory cytokines like C3a and C5a have been proposed to inactivate native anticoagulants protein C and S [30, 31] . MSCs also express plasminogen activator inhibitor-1 (PAI-1). PAI-1 inhibits serine proteases like tissue or urokinase plasminogen activator which ultimately blocks formation of plasmin and reduces clot fibrinolysis. BM MSCs have been shown to express high levels of PAI-1; however, correlation with a procoagulant effect is not yet established [32] . Collagen is an important mediator of the FXII dependent contact activation pathway. BM MSCs express this procoagulant protein in addition to TF. Moll et al. [7, 8] demonstrated high levels of collagen on BM MSC, especially with prolonged ex vivo expansion. Finally, there are a number of other agents to experimentally block the procoagulant activity of TF. For example, active site-inhibited factor VIIa (FVIIai) binds to TF and blocks formation of active FVIIa [8] . This protein could potentially be more efficacious than the neutralizing antibody used in this study, however comparative studies are still needed.
A counter argument to the potential clinical significance of these data is that thousands of patients have had MSCs infused without notable adverse events. One possible explanation is the variability of TF expression. Another possibility is that many patients in the large clinical trials of myocardial infarction, stroke, and acute respiratory distress syndrome (ARDS) are often already systemically anticoagulated. Similarly, beneficial effects of MSCs may be negated by procoagulant properties when delivered intravenously. These data document an augmentation of the procoagulant response ex vivo. A limitation is that we are not testing patient TEG and CAT data after infusing various MSC products. However, due to the similarity to data published by Moll et al. [7, 8] , we believe these data are representative of the in vivo circumstances. It has yet to be determined if TF expression can be dissociated from MSC immunomodulatory properties and paracrine effects, but the variability in expression across cell types that have proven efficacious in preclinical models suggest that TF is not required for MSC immunomodulation.
Areas in need of further study include the effects of cell culture conditions and cell passage number on CCT procoagulant potential. In addition, repeating this study with blood samples from patient populations that actually receive CCTs like stroke or trauma patients is needed to fully understand the clinical relevance of the procoagulant effect.
CONCLUSION
Previous studies have established a relationship between CCT TF expression and a procoagulant response. Our study 
